1. Wind is an important abiotic factor that influences an array of biological processes, but it is rarely considered in studies on plant-herbivore interactions.
| INTRODUC TI ON
Plants and insect herbivores make up nearly half of all described organisms on Earth (Strong, Lawton, & Southwood, 1984) , and they clearly have a profound influence on community structure and ecosystem functioning. Various plant traits, both chemical and morphological, affect the behaviour and development of insect herbivores (Schoonhoven, van Loon, & Dicke, 2005) , and these effects may cascade up to higher trophic levels such as parasitoids and predators at the third trophic level and even higher (Harvey, van Dam, & Gols, 2003; Poelman et al., 2012; Price et al., 1980) . For instance, nutrient concentrations in plant tissues (e.g. carbon and nitrogen) can have profound effects on herbivore development and reproduction (Scriber & Slansky, 1981) . In addition, plants produce a range of toxic secondary metabolites and exhibit a range of morphological adaptions that act as defence against attackers (Schoonhoven et al., 2005) .
Although biotic factors, such as herbivory or pathogen infection, can affect plant quality (Karban & Baldwin, 2007) , abiotic factors, such as wind, rainfall and temperature, may also affect plants and insects in ways that influence community structure and function (Kingsolver, 1989; Ritchie, 2000) . Previous studies have investigated the effects of temperature (Dyer, Richards, Short, & Dodson, 2013) , precipitation (Price & Hunter, 2005) , soil nutrient levels (Ritchie, 2000) , drought (Huberty & Denno, 2004; Trotter, Cobb, & Whitham, 2008) and humidity (Yarnes & Boecklen, 2005) on plant-insect interactions, revealing significant impacts of these factors on the outcome of plant-insect interactions. One abiotic factor that has been largely overlooked in the study of trophic interactions is wind. Importantly, wind is an abiotic factor that may also have a range of direct and indirect effects on plants and insects up the food chain (Anten, Alcala-Herrera, Schieving, & Onoda, 2010) .
The effects of wind on plant morphology are well known. For example, wind-exposed plants are generally shorter and have fewer leaves than non-exposed plants (Lambers, Chapin, & Pons, 1998) , as well as a reduced leaf growth rate, leaf area ratio and specific leaf area (Russell & Grace, 1979) . Wind exposure can also affect the density of structures like trichomes, which in turn is correlated with plant tolerance to abiotic stress (Dalin, Ågren, Björkman, Huttunen, & Kärkkäinen, 2008) . Plant exposure to wind resulted in increased chemical and morphological resistance against the two-spotted spider mite (Cipollini, 1997) and reduced growth rate of the gypsy moth (Barbehenn, Haugberg, Kochmanski, & Menachem, 2015) . By contrast, wind exposure had no significant effect on the development rate of Manduca sexta (Cipollini & Redman, 1999) . In both of these studies, insect development was studied in the context of changes in plant quality, mediated by wind exposure, and not by any effects of direct wind exposure on the insects themselves.
Several studies have investigated the exposure of insects to wind in relation to how it affects their movement and/or dispersal (Speight, Hunter, & Watt, 2008) . In a seminal study, Barton (2014) found that wind exposure increased the abundance of herbivores (aphids) on their food plants in the field but not in the laboratory, and that in the field predation by ladybird beetles was significantly lower on plants in plots that were exposed to wind compared with plants in wind-blocked plots. He also found that wind exposure reduced the foraging efficiency of the predator. Therefore, wind can clearly affect the strength of trophic cascades in terrestrial systems.
Importantly, thus far the effects of direct exposure to wind as perceived by the insects on their development have never been studied. In this scenario, an insect perceives wind and processes the information to make decisions on which traits to maximize, often at the expense of others via trade-offs that optimize fitness.
Trade-offs between development time, body size and how these interact to affect survival underpin evolutionary theory (Roff, 2000; Stearns, 1992) . Prevailing opinion is that, in most insects, selection favours an increase in body size, because this trait is correlated with a range of demographic characters including the ability to obtain mates, dispersal efficiency, longevity and most importantly fecundity (Brown, Marquet, & Taper, 1993) . However, rapid development may be also favoured over size in spring, when populations are growing (Godfray, 1994) , or in habitats where there is a higher risk of precocious mortality due to predation (the slowgrowth-high-mortality-hypothesis) (Benrey & Denno, 1997; Clancy & Price, 1987; Williams, 1999) . It has been shown that insects trade off development time against size depending on the relative costs and benefits of these parameters based on factors such as resource availability and the perceived risk of mortality (Harvey & Strand, 2002; Werner & Anholt, 1993) . Despite this, the ability of insects to perceive abiotic factors, such as wind, and to alter their developmental programme according to them, based on mortality risks, has never been shown.
In this study, we attempted to dissect the roles of direct and indirect (plant-mediated) effects of wind on the performance of two species of insect herbivores as well as the direct effects of wind on the foraging preference by an avian predator. First, we address how wind directly and indirectly influences the development of two lepidopteran insect herbivores, caterpillars of a microlepidopteran moth, Plutella xylostella (L.) Plutellidae) and a macrolepidopteran butterfly, Pieris brassicae (L.) (Pieridae). Caterpillars of both herbivore species are specialist herbivores of Brassicaceous plant species Gols, van Dam, Raaijmakers, Dicke, & Harvey, 2009 ). Here, we used the annual weed, Brassica nigra (L.) (Brassicales, Brassicaceae), which is an important food plant for both herbivores in Western Europe. In a greenhouse experiment, we tested the following two predictions: (1) the effects of direct wind exposure will increase development time and decrease adult weight of the two herbivores due to physical disturbance; (2) the indirect (bottom-up) effects of wind exposure on the plants will also result in increased development time and reduced body mass of the two insect herbivores, due to reductions in plant quality (e.g. changes in specific leaf area, trichome density and primary and secondary metabolites).
Based on our results with P. brassicae, we conducted a behavioural experiment to test a third hypothesis (Figure 1 ) (3) that wind exposure alters plant/prey preference for P. brassicae by an avian predator, the great tit (Parus major) (L.)(Passeriformes, Paridae). Our results are discussed in relation to adaptive phenotypic plasticity in insects in response to wind.
| MATERIAL S AND ME THODS

| Experimental design
Plants were grown in a greenhouse (21 ± 2°C during the photophase, 16 ± 2°C during the scotophase, 50% relative humidity (r.h.) and a photoperiod of at least 16 hr and a third cohort of 48 plants were exposed to L1 larvae of P. brassicae. As L1 larvae of P. xylostella mine the leaves and are difficult to handle, we used L2 larvae. Wind exposure was simulated using rotating table fans (~2 m/s, VE-5923, Tristar Europe B.V., Tilburg, NL).
Larvae of both herbivore species were exposed to four wind treatments: (1) the plants were not exposed to wind at all (w00); (2) the plants were exposed to wind in the first phase, but fans were turned off in the second phase when the insects were introduced (w10); (3) the plants were only exposed to wind in the second phase when the insects were introduced (w01); and (4) the plants were exposed to wind throughout the experimental period (w11). These methods are illustrated in Figure 2 . Fans were only turned on during the 16-hr photoperiod and turned off at night. There were six replicates for each of the four wind treatments, and each replicate consisted of a group of six plants that were placed in half a circle in front of a single rotating fan (distance 0.5 m), of which two plants were control plants not receiving larvae, two plants were infested each with 10 L2 of P. xylostella, and two plants were infested each with 8L1 P. brassicae. We used different numbers of larvae to account for the difference in food requirements between the two species (P. brassicae larvae grow much larger than P. xylostella larvae). The larvae were allowed to move and feed freely within plants until they had reached their final larval instar (L4 for P. xylostella and L5 P. brassicae). At this point, the fans were removed from all treatments and each plant was covered by a mesh cage (60 cm × 100 cm) until larvae pupated. Pupae of P. xylostella and P. brassicae were collected and transferred individually into Petri dishes. Newly emerged adults were sexed, frozen and weighed individually on a
Mettler-Toledo (Columbus, OH, USA) microbalance (accuracy ± 1 μg).
The proportion of individuals surviving from L2 (P. xylostella) or L1
(P. brassicae) to adult emergence was recorded. Development time (larva-to-pupa and pupa to adult) was recorded in days.
| Effects of wind and herbivory on of plant traits
Once most of the larva had pupated, several plant traits were measured. The height and diameter of stems were measured using a ruler and a vernier caliper, respectively. We also recorded the number of days between seedling transplantation and first flowering. Leaf discs (Ø = 12 mm) were collected from the third leaf from the bottom of each plant, and the trichome density on both sides of each disc was counted under a dissecting microscope. Leaf discs were taken from the tips of leaves (Agrawal & Fishbein, 2006) . Dry biomass of leaf discs was weighed after drying for 24 hr in an oven (60°C). Specific leaf area (SLA) was calculated as the area of the leaf disc divided by its dry mass.
Five leaf discs (Ø = 12 mm) were sampled from each of the first five fully expanded leaves of each plant. All leaf discs were pooled per plant and wrapped in tin foil. Samples were immediately frozen in liquid nitrogen and were stored at −20°C until further processing.
A detailed description of the method to extract, identify and quantify glucosinolates (secondary metabolites), amino acids and sugars (primary metabolites) is given in the supplement.
| Experiment 2: Effects of wind on predation
To test the effects of wind exposure on predation, we investigated how simulated wind affected foraging behaviour of great tits. We first trained 20 birds to adapt to the black mustard plants and to make them aware of the caterpillars before they were used in the experiment. Before training trials started, we introduced four early L5 caterpillars on each of two plants that were placed one metre apart on opposite sides of a vertical wooden stick with side branches that one. This training process was repeated three times for each bird. To habituate the birds to the sound of the fans, a small table fan (of the same type as described above) was also placed into the observation room between the plants, but facing away from the two plants, so that the plants were not directly exposed to the wind. Birds (n = 19) that had successfully caught a caterpillar in the three training trials were used in the experiment.
Brassica nigra plants for the experiment were grown for 6 weeks in the greenhouse under the same conditions as described in the Plants section. For each observation, two plants were infested with eight early L5 P. brassicae larvae each 1 hr prior to the start of the observation. One of the plants was exposed to wind generated by the fan at 1-m distance whereas the other was not. Plants exposed to wind were randomly placed on either side of the experimental room, so as not to bias preference. The fan was placed between the two plants, but directed towards one of the plants to avoid behavioural bias due to the presence of the fan itself. The distance between the plants was 1 m. A trained bird was released into the observation room for a maximum of 30 min. We recorded the plant that was first visited by the bird and the time until foraging began.
Each of the 19 birds was observed four times (on four consecutive days) with a different set of plants.
| Statistical analyses
Data from the two individual plants in each replicate that had been assigned to the same treatment combination were first averaged and then analysed using general linear mixed models (procedure MIXED in SAS 9.2, SAS Inc., Cary, NC). The wind treatments were analysed as two separate factors: exposure to wind prior to introduction of the herbivores (wind exposure during phase 1) and wind exposure during phase 2 when the herbivores were introduced as well as their interaction. Wind treatments and insect herbivory (none, P. xylostella or P. brassicae) and their interactions were analysed as fixed factors and replicate as a random factor.
When effects of herbivory were significant, two contrasts were analysed (P. xylostella vs. control and P. brassicae vs. control) to see whether the effects were significant for each of the two herbivore species or not. To correct for type I errors, we used a Bonferroni correction. Data on the survival of the two insect herbivores were analysed separately using generalized linear models using a binomial distribution and logit link function (SAS procedure GLIMMIX), with the wind treatments and their interactions as fixed factors and replicate as a random factor. Similarly, data on development time and adult mass of the herbivores were analysed using general linear mixed models (SAS procedure MIXED) using the wind treatments, insect sex and their interactions as fixed factors and replicate as a random factor.
The effects of wind on predation risk of caterpillars were analysed with a generalized linear mixed model (SAS procedure GLIMMIX) using a binomial distribution and logit link function, with wind exposure (yes, no) as a fixed factor and bird individual as a random factor to account for the repeated observations on the same birds. Similarly, time to predation was analysed using a general linear mixed model (SAS procedure MIXED) with wind exposure as a fixed factor and bird individual as a random factor.
| RE SULTS
| Experiment 1: Effects of wind and herbivory on plant traits
Exposure of plants to wind before caterpillars were introduced on the plants (phase 1, days 1-28) significantly affected the phenotype and phenology of plants (Table S2) . Wind exposure during this phase significantly delayed flowering by 17.6% (F 1, 40 = 48.59, p < .001, Figure 3a ) and reduced plant height by 22.5% (F 1, 40 = 36.65, p < .001, Figure 3b ), while it increased stem diameter (F 1, 40 = 28.27, p < .001, Figure 3c ), but did not significantly affect trichome density (F 1, 40 = 8.42, p = .006, Figure 3d ) and specific leaf area (SLA) (F 1, 40 = 3.32, p = .08, Figure 3e ). Wind exposure during the F I G U R E 3 Time to first flowering (a), height (b), diameter (c), trichome density (d) and specific leaf area (e) of Brassica nigra plants that were exposed to various simulated wind regimes and herbivory. Wind regimes: none (w00), only before caterpillars were introduced (w10), only during caterpillar feeding (w01) or during both phases (w11); herbivory: none (open bars), or herbivory by caterpillars of Plutella xylostella (black bars) or Pieris brassicae (hatched bars). Groups of bars (M ± SE) with different letters are significantly different (p < .0056 with Bonferroni correction) between the four wind treatments, based on Tukey tests following two-way ANOVA with wind (four levels) and herbivory (three levels) second phase, after herbivores had been introduced on the plants (days 29-45), did not significantly affect any of these plant traits (Table S1 ). Herbivory caused an additional reduction in plant height (F 2, 40 = 34.18, p < .001, Figure 3b ).
Leaf biochemistry was also significantly affected by wind exposure prior to introduction of herbivores as well as by wind exposure during herbivory (Table S3) Table   S3 ). However, the composition of leaf sugars did change in response to wind exposure (Figure 4d ): wind exposure prior to herbivory significantly increased the ratio of monosaccharides (glucose plus fructose) to total sugars (F 1, 40 = 12.37, p < .01), although this effect was annihilated in the presence of herbivores (interaction wind x herbivory (F 2, 40 = 6.41, p < .01). Herbivory also strongly affected leaf biochemistry. It increased leaf concentrations of total glucosinolates by 10.6% (F 2, 40 = 9.72, p < .001, Figure 4a ), total amino acids by 21.7% (F 2, 40 = 13.51, p < .001, Figure 4b ) and total sugars by 31.9% (F 2, 40 = 13.17, p < .001, Figure 4c ). Interestingly, the two herbivores differed in their effects on leaf biochemistry (Table S3) . Pieris brassicae strongly Figure 4c ) but did not affect leaf total glucosinolate or amino acid concentrations. Like wind exposure did, herbivory by P. xylostella also changed leaf sugar composition, enhancing the proportion of glucose plus fructose relative to sucrose from 66% to 80% (F 1, 40 = 21.27, p < .001, Figure 4d ).
| Experiment 1: Effects of wind on insect herbivore development
Exposure of plants to wind only affected caterpillar survival during phase 2 when caterpillars were feeding on the plants (phase 1:
F 1, 20 = 4.02, p = .06; phase 2: F 1, 20 = 5.02, p < .05). Survival on plants exposed to wind during phase 2 was reduced by more than 10%
( Figure 5 ). Wind exposure had both direct and indirect plant-mediated effects on larva-to-pupa development as the interaction term of exposure to wind during phases 1 and 2 was significant (F 1, 20 = 4.57, p < .05, Figure 6 ). Compared to the development time on plants not exposed to wind (w00), it was extended by approximately 8% when the larvae developed on plants exposed to wind before larvae where introduced (w10), when plants were only exposed to wind during larval feeding (w01) or during both phases (w11) (Figure 6 ). Exposure of plants to wind did not affect development time from pupa to adult emergence (Table S5 ). Wind exposure prior to or during caterpillar feeding did not affect adult mass of P. xylostella ( Figure 6c , Table S4 ).
Adult females were about twice as large as males regardless of wind exposure (F 1, 20 = 484.41, p < .001, Figure 6c ).
Exposure of plants to wind prior to introduction of the herbivores (phase 1) marginally reduced survival of caterpillars from 88 to 76%
(F 1, 20 = 6.71, p < .05, Figure 5 , Table S4 ), whereas survival was not affected by wind exposure during caterpillar feeding ( Figure 5 , Table   S4 ). Development time from L1 to pupa increased both when plants were exposed to wind prior to herbivory (2.7%) (F 1, 20 = 7.33, p < .05)
as well as during herbivory (4.7%) (F 1, 20 = 17.76, p < .001, Figure 7a ).
Development time from pupa to adult slightly decreased (2.6%)
by direct exposure of caterpillars to wind (F 1, 20 = 12.95, p < .01, Figure 7b ). The largest effect of wind exposure on P. brassicae was 
| Experiment 2: Effects of wind on the predator's prey preference
Caterpillars exposed to wind had a much lower probability of being preyed upon by birds than caterpillars on control plants (F 1, 18 = 57.21, p < .001, Figure 8a ). Birds took almost double the time to begin foraging caterpillars on wind-exposed plants (M ± SE 14.7 ± 2.7 min) than on non-exposed plants (8.6 ± 0.7 min (F 1, 51 = 6.43, p < .05, Figure 8b ).
| D ISCUSS I ON
Wind is an important abiotic factor that affects both individual species and interactions between species. Here, we found that wind had strong differential effects on the development of P. xylostella and P. brassicae. Direct exposure to wind reduced the survival of P. xylostella, but not that of P. brassicae. Caterpillars of both species feeding on plants exposed to wind took longer to complete their development to the pupal stage. However, whereas adult body size of P. xylostella was not affected by wind exposure, adult butterflies F I G U R E 5 Survival of caterpillars of Plutella xylostella (black bars) and Pieris brassicae (hatched bars) on Brassica nigra plants exposed to different wind treatments: none (w00), only before caterpillars were introduced (w10), only during caterpillar feeding (w01) or during both phases (w11). Bars are M ± SE F I G U R E 6 Effects of wind on the development of Plutella xylostella. (a) development time from L2 to pupa, (b) development time from pupa to adult, and (c) adult fresh mass of females (white bars) and males (black bars). Wind regimes: none (w00), only before caterpillars were introduced (w10), only during caterpillar feeding (w01) or during both phases (w11); note that axes do not start at zero. Groups of bars (M ± SE) with different letters are significantly different (p < .05) between the four wind treatments, based on Tukey tests following two-way ANOVA with wind (four levels) and sex (two levels) of P. brassicae grew significantly larger on wind-exposed plants. We also found that wind exposure affected prey preference of great tits and increased attack latency, showing that P. brassicae experienced significantly lower predation under windy conditions. These results reveal that the larvae of smaller herbivores, such as the micromoth P. xylostella, may be more susceptible when exposed to wind than larger herbivores like the macrobutterfly, P. brassicae.
| Effects of direct wind exposure on herbivore survival and development
Effects of direct wind exposure on the survival and development of P. xylostella and P. brassicae may be influenced by differences in the size and hence vigour of the two species. Moreover, both species exhibit contrasting larval feeding strategies and motility. Although L1
P. xylostella live in mines embedded in plant tissues, the remaining three instars feed solitarily and move actively about on the plants. By contrast, L1-L3 instar larvae of P. brassicae are gregarious and largely sedentary, feeding in tight clusters on silken mats they spin and use as anchors on the plants. These contrasting lifestyles may make P. xylostella much more prone to physical displacement by wind than P. brassicae. Vogel (1994) reported that large, sedentary species generally have a higher tolerance to wind than smaller, motile species. The larvae of many butterflies and moths also tend to move around their plants when feeding, making them vulnerable to strong winds or gusts.
| Indirect effects of wind exposure on herbivore survival and development
Plants modify their development, physiology and life history through phenotypically plastic responses to environmental stresses (Sultan, 2000) . Subsequently, these phenotypic changes can have strong effects on their responses to herbivory (Carmona, Lajeunesse, & Johnson, 2011) . In our study, wind exposure prior to the introduction of the herbivores delayed flowering, reduced plant height and increased stem diameter of B. nigra plants.
Although wind exposure did not significantly affect the leaf trichome density, trichomes on B. nigra are tiny, rigid "hairs" that grow vertically from the leaf surface, and these are likely to be a greater impediment for the small caterpillars of P. xylostella than the much larger (at least during middle and later development) caterpillars of P. brassicae. Wind exposure did not affect plant specific leaf area (SLA), indicating that the intensity of simulated wind in the greenhouse was not enough to reduce this parameter through changes in the biochemistry of leaves.
Primary and secondary metabolites in B. nigra leaves were also affected by wind exposure. Concentrations of glucosinolates and total amino acids were higher in plants exposed to wind and the composition of leaf sugars shifted towards the production of monosaccharides. The balance between low concentrations of adverse phytochemicals and sufficiently high concentrations of nutrients determines to a large extent the quality of a host plant for the development of insect herbivores (Schoonhoven et al., 2005; Scriber & Slansky, 1981) . Both herbivore species are highly adapted to feeding on a range of brassicaceous species with considerable qualitative and quantitative variation in foliar glucosinolates (Ratzka, Vogel, Kliebenstein, Mitchell-Olds, & Kroymann, 2002; Wittstock et al., 2004) . Moreover, adult females and caterpillars of both species use glucosinolates as oviposition and feeding stimulants, respectively (Renwick, 2002) . In a previous study, it was shown that both herbivore species performed equally well in terms of pupal mass on B. nigra plants differing in foliar glucosinolate (sinigrin) concentrations . Thus, it is unlikely that wind-induced increases in sinigrin concentration affected larval F I G U R E 7 Effects of wind on the development of Pieris brassicae. (a) Development time from L1 to pupa, (b) development time from pupa to adult, and (c) adult fresh mass of females (white bars) and males (black bars). Wind regimes: none (w00), only before caterpillars were introduced (w10), only during caterpillar feeding (w01) or during both phases (w11); note that axes do not start at zero. Groups of bars (M ± SE) with different letters are significantly different (p < .05) between the four wind treatments, based on Tukey tests following two-way ANOVA with wind (four levels) and sex (two levels) performance of the insect herbivores. Moreover, extended development time of P. xylostella appeared to be caused by direct wind exposure and not by wind-induced changes in phytochemistry as pre-exposure of plants to wind changed concentrations of both primary and secondary plant metabolites, but this had no effect on development time and biomass of P. xylostella. Changes in sugar and amino acid concentrations may have contributed to extended larval development and higher pupal mass of P. brassicae as these compounds are known to stimulate feeding and improve conversion efficiencies of ingested food (Mattson, 1980) . We cannot explain the negative plant-mediated effects on survival of P. brassicae based on the plant traits measured in this study. These results suggest that there are also negative indirect plant-mediated effects of wind exposure on the performance of P. brassicae. Insect performance is likely influenced by the combined effects of primary and secondary plant chemistry, and various plant chemicals may also differentially influence performance correlates such as survival, development time and biomass.
It should be noted that we aimed to dissect direct and indirect influences of wind exposure on insect larval development.
However, the various wind-exposure treatments do not completely allow to explicitly attribute these to either the direct physical exposure to wind or to indirect plant-mediated effects. For instance, during phase 2 when the insects were feeding on the plant, plant-mediated effects of wind exposure could not be ruled out. Moreover, wind exposure may also influence the microclimate, for example temperature and humidity, which may have both direct and indirect plant-mediated effects on caterpillar performance.
| Effects of wind exposure on prey preference in Parus major
Despite the potential importance of wind and other abiotic factors on higher trophic level interactions, studies of how wind exposure affects herbivore susceptibility to predation are scant.
In combined laboratory and field studies, Barton (2014) showed that the density of predators, such as ladybirds, was lower, and concomitant predation of aphids was impeded, in plants and plots exposed to wind. Ladybirds took longer to find aphids on plants exposed to wind, thereby providing the aphids with a form of temporal "enemy-free space" (Gols et al., 2005; Stamp, 2001) . However, wind can also enhance predation or parasitism by facilitating the airborne dispersal of herbivore-induced plant volatiles (HIPV) that are used by natural enemies to locate their hosts or prey (Cipollini & Levey, 1997) . A long-term study also showed that birds can benefit from changes in wind patterns (Weimerskirch, Louzao, De Grissac, & Delord, 2012) . Consequently, the effects of wind on the behaviour, development and survival of herbivores and their natural enemies may involve processes that are association-or even habitat specific. In our study, caterpillars on wind-exposed plants experienced almost seven times lower predation by P. major than caterpillars on plants exposed to wind. In addition, it took the birds twice as long to successfully capture caterpillars on wind-exposed plants than on non-exposed controls. Great tits are visual foragers (Houston, Krebs, & Erichsen, 1980) , and although we observed the birds visiting both wind-exposed and still plants during foraging, they probably have difficulty establishing a firm search image for their prey on wind-exposed plants that are in motion (Cherry & Barton, 2017) . In this study, we investigated the effect of wind in a choice situation which may not realistically reflect wind conditions experienced in the field. In the field, conditions are not homogeneous, and many motile visually foraging predators, such as insectivorous passerines, can preferentially decide to search for prey in habitats that are most profitable. On windy days, predators may thus seek stiller microclimates, reducing the strength of top-down control in exposed habitats. Moreover, attack success of a predatory bird has been shown to be higher when wind speeds are relatively low (Quinn & Cresswell, 2004) . Nevertheless, under F I G U R E 8 Box plots showing (a) preference of the avian predator Parus major for prey on Brassica nigra plants with prey items that were non-exposed or exposed to wind, and (b) the time it took birds to start foraging on plants with prey items that were non-exposed or exposed to wind conditions of extended wind exposure, birds may adapt to forage under windy conditions.
| Wind-induced enemy-free space and the active alteration of herbivore developmental programmes
The most intriguing result of the study was that P. brassicae tended to exhibit a longer egg-to-adult development time when developing on wind-exposed plants, whereas adult butterflies were some 20% heavier. If plant quality was the major factor affecting the development of this herbivore, it would have been expected that one fitness correlate would have been negatively affected by wind exposure (e.g. prolonged development time) while the other (adult size) was unaffected or that both fitness correlates would have been negatively affected. Our results instead suggest that the insects deliberately extended their development time in order to grow larger when exposed to wind. There is a very strong correlation between adult body size and fecundity in P. brassicae (R. Gols, L. Croijmans, J. A. Harvey, unpublished) . Placing this in context, we argue that P. brassicae caterpillars are able to perceive the wind directly via sensory receptors and that they optimally alter their development by trading off development time and adult body size depending on the presence or intensity of the wind. This trade-off is based on differences in the perceived risks of predation under windy or relatively still microclimatic conditions. Thus, P. brassicae caterpillars are exhibiting a phenotypically plastic response to the presence or absence of wind because of enhanced enemy-free-space (Stamp, 2001 ) on wind-exposed plants. On plants exposed to wind, it is clearly more difficult for visually foraging predators, such as birds and predatory wasps, to locate their prey or to alight on the plant as was demonstrated in the study by Barton (2014) .
The ability to exhibit developmental plasticity in response to resource limitation has been demonstrated in parasitoid wasps (Godfray, 1994) , but little is thus far known about developmental plasticity in herbivorous insects, particularly as many species feed on plants that contain superabundant resources. In this situation, flexible larval growth due to food shortage is generally unnecessary except during heavy infestations (Fei, Gols, Zhu, & Harvey, 2016) .
Given that predation/parasitism risk is high for most insect herbivores, selection should favour development strategies that reduce the window of susceptibility of natural enemies but only to a certain point, given the known benefits of large body size in many insects, including P. brassicae (Boggs, 1986; García-Barros, 2000; Honěk, 1993; Wiklund & Kaitala, 1995) . The slow-growth-high-mortality hypothesis (SGHM) predicts that extended development increases the temporal duration of exposure to natural enemies as well as abiotic stresses, thus increasing the risk of mortality (Clancy & Price, 1987; Williams, 1999) . However, this hypothesis has thus far garnered only mixed support (Benrey & Denno, 1997; Cornelissen & Stiling, 2006; Fordyce & Shapiro, 2003; Gotthard, 2000) . This may be because the SGHM hypothesis has two major shortcomings: first of all, it considers the herbivore to be constrained by plant quality; in effect, it is a passive participant. Our results suggest that extended development is not necessarily mediated by the plant but that the herbivore itself may actively alter its own development in response to variation in predation risk mediated by wind. Climate change is not only being expressed through atmospheric changes in carbon dioxide and surface temperatures, but through attendant changes in precipitation events and the strength of wind across the biosphere (IPCC, 2014) . Wind speeds over contiguous land masses have decreased by 5%-15% in the last 30 years (Vautard, Cattiaux, Yiou, Thépaut, & Ciais, 2010) . Whereas previous results have shown that climate change-mediated processes will affect trophic interactions and ecological communities (Walther et al., 2002) , no attention has been paid to the direct and indirect effects of wind. Our results suggest that the development of insect herbivores can be affected by direct exposure to wind, as well as indirect exposure through bottom-up effects on plant functional traits (which are usually small for our specialist herbivores on their preferred food plants) or through its effects on mediating the intensity of top-down control by the herbivore's natural enemies. In studies on plant-insect interactions, insects are often considered as passive participants to bottom-up stresses. Ours is the first study suggesting that wind exposure may be detected by an insect herbivore and that in response, it alters its developmental programme by growing more slowly but achieving a larger body mass under the perception of a reduced risk of predation. Although we cannot discount the possibility that plant quality may be a factor, the fact that abiotic factors such as wind are present in the field but absent in the laboratory raises interesting possibilities. Current experiments are underway simulating other important abiotic factors on trophic interactions that are being affected by climate change, including temperature and rainfall. It is envisaged that these will shed more light on the importance of these factors in shaping behavioural and developmental strategies in insects.
ACK N OWLED G EM ENTS
The authors thank Gregor Disveld for assistance in the greenhouse, and the Laboratory of Entomology (WUR) for providing insects.
Ciska Raaijmakers is thanked for helping with chemical analy-
ses. Members of Terrestrial Ecology Department at Netherlands
Institute of Ecology are thanked for valuable discussions. We also thank two anonymous reviews for their comments. 
DATA ACCE SS I B I LIT Y
Data available from the Dryad Digital Repository: https://doi. org/10.5061/dryad.mg42jj1 .
O RCI D
Jeffrey A. Harvey http://orcid.org/0000-0002-4227-7935
